Intrinsically disordered protein regions (IDRs) lack a well defined three-dimensional structure but often facilitate key protein functions. Some interactions between IDRs and folded protein domains rely on short linear motifs (SLiMs). These motifs are challenging to identify, but once found they can point to larger networks of interactions, such as with proteins that serve as hubs for essential cellular functions. The stress-associated plant protein radical-induced cell death1 (RCD1) is one such hub, interacting with many transcription factors via their flexible IDRs. To identify the SLiM bound by RCD1, we analyzed the IDRs in three protein partners, DREB2A (dehydration-responsive element-binding protein 2A), ANAC013, and ANAC046, considering parameters such as disorder, context, charges, and pI. Using a combined bioinformatics and experimental approach, we have identified the bipartite RCD1-binding SLiM as (DE)X(1,2)(YF)X(1,4)(DE)L, with essential contributions from conserved aromatic, acidic, and leucine residues. Detailed thermodynamic analysis revealed both favorable and unfavorable contributions from the IDRs surrounding the SLiM to the interactions with RCD1, and the SLiM affinities ranged from low nanomolar to 50 times higher K d values. Specifically, although the SLiM was surrounded by IDRs, individual intrinsic ␣-helix propensities varied as shown by CD spectroscopy. NMR spectroscopy further demonstrated that DREB2A underwent coupled folding and binding with ␣-helix formation upon interaction with RCD1, whereas peptides from ANAC013 and ANAC046 formed different structures or were fuzzy in the complexes. These findings allow us to present a model of the stressassociated RCD1-transcription factor interactome and to contribute to the emerging understanding of the interactions between folded hubs and their intrinsically disordered partners.
Intrinsically disordered protein regions (IDRs), 3 which lack a well defined three-dimensional structure, are being recognized as key facilitators of protein function (1) (2) (3) . This means that the understanding of protein-protein interactions is changing. Short linear motifs (SLiMs) are central to IDRs. They are responsible for interactions with globular protein domains and mediate a wide range of important cellular tasks (4) . They are short, typically between 3 and 11 residues (5, 6) , and are most often found in IDRs or surface-accessible regions (7, 8) . Their limited binding surface may result in low affinity, often in the low micromolar K d range, with transient and promiscuous interactions (5, 9, 10) , which are well suited for dynamic binding typical of intracellular signaling. Molecular recognition features (MoRFs) represent another type of ID-associated interaction element. They are also short, usually less than 20 residues, and are located within longer IDRs (11) . Unlike SLiMs, MoRFs are not defined on the basis of sequence, but as interactionprone disordered segments that may form secondary structures upon binding. MoRFs may themselves contain SLiMs. More than 2000 domain-interacting SLiMs have already been identified (12) , but because the human proteome was estimated to encode more than 100,000 binding motifs (4) , the identification of many more motifs may be expected. However, motif prediction is difficult mostly due to the challenge of obtaining robust statistical assessments (13) , which means that experimental approaches are still needed for de novo SLiM identification.
SLiMs are especially relevant in signaling networks in which the proteins referred to as hubs have high connectivity. Hub proteins are essential for interaction network functionality, and their disruption is therefore frequently associated with diseases. Knock-out of the cellular plant hub protein radical induced cell death1 (RCD1) also resulted in severe phenotypic changes, explained by the pleiotropic roles of the RCD1 gene during both stress responses and plant development (14, 15) . RCD1 interacts with at least 30 proteins, including 21 transcription factors representing several different transcription factor families (14) , using its small C-terminal ␣-helical RCD1-SRO-TAF4 (RST) domain (14, 16) . The rcd1 knock-out mutant showed altered expression of more than 500 genes, of which several are target genes of the RCD1-interaction partners (14) . However, recent studies suggest that RCD1 does not transcriptionally regulate genes encoding its interaction partners (17) . Instead, RCD1 was suggested to negatively regulate the stability of stress-associated dehydration-responsive element-binding protein 2A (DREB2A), belonging to the AP2/ ERF plant-specific transcription factor family. Upon stress, RCD1 was rapidly degraded, promoting the proper DREB2A function (18) . RCD1 and its interaction partners represent an obvious model system for studies of interactions between folded hubs and intrinsically disordered proteins (IDPs). Several of the transcription factors interacting with RCD1 play significant roles in plant biology. For example, DREB2A modulates gene expression in response to various abiotic stress exposures (19) , and the membrane-bound no apical meristem, ATAF, cup-shaped cotyledon (NAC) transcription factor Arabidopsis thaliana (A)NAC013 is involved in mitochondrial retrograde regulation in response to oxidative stress (20) . Furthermore, the A. thaliana plant system allows transformation of in vitro results to the organismal level (21) . The ability of RCD1 to interact with many proteins was explained by intrinsic disorder (ID)-associated flexibility (21) . For ANAC046, the RCD1-interacting site coincides with the only MoRF within its large transcription regulatory domain (TRD) (16) . However, most RCD1-interacting transcription factors, e.g. ANAC013 and DREB2A, have complex order-disorder profiles making prediction of protein interaction sites difficult (16) . Using yeast two-hybrid analysis, the RCD1-interacting motif FDXXELLXXLN was identified for DREB2A. Although the RCD1-interacting regions of DREB2A and ANAC046 show some compositional similarities (16) , the DREB2A RCD1-interacting motif could not be identified in ANAC046 or in the other RCD1 partners (18) . In this study, we combined bioinformatics and experimental approaches to identify a loose SLiM present in several RCD1 interaction partners. Based on detailed thermodynamic and biophysical characterizations, a model for interactions between RCD1 and its target transcription factors is presented. This study also provides a novel framework for experimental determination of new SLiMs that, together with the rest of the work, will contribute to the emerging understanding of the complex interactions between folded hubs and their disordered partners.
Results

Identification of the RCD1-binding Region in ANAC013-
Discovering new functional motifs using both computational and experimental techniques is of great interest. Because an RCD1-interacting motif has not been identified from previous studies, and because bioinformatics has come short in this endeavor, an experimental strategy is still needed for motif identification. In a previous study, the C-terminal ANAC013 TRD was shown to be responsible for the interaction with RCD1 (16) . This 368-residue-long region is mostly disordered and contains nine short regions of predicted secondary structure, four MoRFs, and three MEME motifs (Fig. 1A) . It was also shown that the region 161-299 of ANAC013 is sufficient for interactions with RCD1 (16) . This region contains two pre-dicted MoRFs and two predicted ␣-helical regions. Interestingly, the MEME motif E(KE)(ED)(DEM)(YF)(IL)E(MI)(ND) DL(LM), present in a small sub-group of NAC proteins (22) , coincides with one of the predicted MoRFs and ␣-helices. In this study, the ANAC013 TRD was truncated further from both the N-and C-terminal ends and analyzed for its ability to interact with the RST domain of RCD1 in yeast (Fig. 1B ). The N-terminal truncation to generate fragment 205-299 and to remove one of the predicted MoRFs did not affect the binding ability. Likewise, the C-terminal truncation of fragment 205-299 to generate a fragment ending with residue 266 and lacking an acidic region ( Fig. 1A ) did not destroy RCD1 binding. By contrast, further C-terminal truncation to residue 232, removing the MEME motif, abolished detectable binding. ANAC013(232-299), ANAC013(232-274), ANAC013(254-299), and ANAC013(254 -274) all interacted with RCD1. However, ANAC013(266 -299) had no binding activity. In conclusion, the experimental analysis showed that the RCD1interacting region maps to one of two TRD regions predicted to contain a MoRF, a secondary structure, and a sequence motif. This demonstrates the strength of combining different prediction methods to identify interaction determinants in IDRs. Based on these results, region 254 -274 of ANAC013 may contain the RCD1-interacting SLiM (Fig. 1C) .
Thermodynamic Characterization of the RCD1⅐ANAC013 Interaction-The interaction between ANAC013 and RCD1 was also analyzed using isothermal titration calorimetry (ITC). ITC directly determines the K d , the stoichiometry, and the change in enthalpy (⌬H) of binding, and the change in Gibbs free energy (⌬G) and in entropy (⌬S) is derived from these values (23) . The affinity of the ANAC013 TRD, ANAC013(161-498), for the RST domain, RCD1-RST(499 -572), was previously determined and showed a dissociation constant (K d ) of 537 nM (16) . To analyze further the binding of ANAC013 to RCD1, truncated fragments of ANAC013(161-498) were made in this study. Several attempts to truncate ANAC013(161-498) from the C terminus were unsuccessful with no or only insoluble protein being produced. However, the recombinant fragment ANAC013(232-299), which showed binding to the RST domain in the yeast two-hybrid assays ( Fig. 1 ), could be purified in amounts for analysis. This truncation resulted in a significant increase in affinity with the K d decreasing from 537 to 93 nM (Table 1 ; Fig. 2) . The affinity increased further by additional truncation resulting in a K d of 32 nM for ANAC013(254 -299), and removal of most of the negatively charged fragment ( Fig. 1 ) to generate ANAC013(254 -274) resulted in a further decrease of K d to 9.0 nM ( Fig. 2A ). This is a relatively low K d value for an interaction involving a putative SLiM and a globular domain (10) , and the results indicate that the ANAC013 context of the SLiM has negative allosteric effects on binding. However, somewhat unexpected, the additional removal of the six C-terminal residues of ANAC013(254 -274), including three proline residues, significantly decreased the affinity to a K d of 595 nM. For the fragments tested, the relative contribution of enthalpy and entropy to binding varied, most markedly with a significant positive entropy contribution to binding for ANAC013(254 -299). Furthermore, the decrease in enthalpy for binding of ANAC013(254 -268) reflected in a less negative value of ⌬H,
TABLE 1 Thermodynamic analysis by ITC of interactions between ANAC013 wild-type and mutant fragments and RCD1-RST(499 -572)
All experiments were performed as described under "Experimental Procedures." RCD1 was in the syringe, and the ANAC013 peptides were in the cell. The standard errors for ⌬H, K d , and N were obtained from Origin when fitting the data to a one set of sites binding model. and of GAL4 activation domain (AD) and the ANAC013 fragments shown were expressed in yeast and screened for interactions through the ability to activate the reporter genes HIS3 and ADE2. Empty pDEST32 expressing GAL4 DBD and pDEST22 expressing GAL4-AD served as negative controls. Right, schematic outline of the fragments analyzed with the approximate positions of predicted ␣-helix and MoRF regions. C, peptides shown were examined for RCD1 binding affinity using ITC in this study (Tables 1-3) or for the ANAC046 peptides in Ref. 16 . Residues for which substitution into alanine resulted in more than 40-fold decrease in or no detectable affinity for RCD1, more than 5-fold decrease in affinity for RCD1, or less than 5-fold decrease in affinity for RCD1 are shown in bold italics, bold, and italics, respectively. Only residues marked this way were analyzed by substitution. Residues that, when substituted simultaneously, resulted in abolishment of RCD1 binding are marked by gray shading (18) . The peptides were of comparable sizes, but sequence conservation in closely related proteins, secondary structure predictions, and disorder profiles were also considered when defining the peptides. ANAC046(319 -338) is at the C terminus of ANAC046 and therefore is defined only based on size. Asterisks at the top of the alignment indicate the core of the RCD1-binding regions. ␣-Helix regions predicted by PSIPRED are underlined.
Protein
and compared with binding of ANAC013(254 -274), it is partly compensated for by a more negative value of ϪT⌬S. In conclusion, the results suggested that ANAC013 contains a single binding site for RCD1 and that the binding stoichiometry for complex formation is 1:1, as revealed by an N value of ϳ1.
Region 254 -274 of ANAC013 binds the RST domain with high affinity, again suggesting that this region contains a RCD1-interacting SLiM.
Contribution of Specific ANAC013 Residues to RCD Binding-The interaction between ANAC013(254 -274) and the RST domain of RCD1 was also analyzed at the residue level ( Fig. 2B ; Table 1 ). Of the residues that constitute a SLiM, only a fraction is fully conserved, whereas other positions are under less or no selective constraints (24) . The importance of specific positions of the RCD1-interacting region of ANAC013 was analyzed by substituting all residues with alanine ( Fig. 1C ; Table  1 ). The ITC data showed that some positions of the motif were essential for binding. When Asp-265 and Leu-266 were changed into alanine, no detectable binding was observed, and when Tyr-260 was changed into alanine, the K d value increased 124-fold mainly due to a decreased binding enthalpy ( Fig. 2B ). Changing Leu-261 and Glu-262 into alanine also resulted in drastic changes in affinity, corresponding to 98-and 48-fold decreases in affinity, respectively. As for the Tyr-260 substitution, the substitution of Leu-261 resulted in a dramatic decrease in ⌬H. By contrast, the effects of changing Asp-258, Met-259, Ile-263, Asn-264, and Met-267 were more modest. The importance of a negative charge to binding was analyzed by changing Asp-265 to the corresponding amide asparagine, which also abolished binding. In conclusion, two hydrophobic leucine residues, an aromatic tyrosine residue, and two acidic residues played essential roles in ANAC013 binding to RCD1. The emerging RCD1-binding motif of ANAC013 is bipartite with the essential Tyr-Leu-Glu tripeptide separated from the essen-tial Asp-Leu dipeptide by two residues of less importance to binding.
Comparison of the minimal RCD1-binding regions of ANAC013 and ANAC046 revealed similarities (Fig. 1C ). Thus, both regions contain an essential aromatic residue and an aspartic acid residue, of which the latter is followed by a leucine, which was also shown to be essential for binding of ANAC013. Furthermore, an acidic residue is present at one or two positions N-terminal of the aromatic residue and a hydrophobic residue is found at two positions N-terminal of the Asp-Leu motif.
NAC Sub-family Conservation of the RCD1-interacting Sequence Motif-Motif conservation in IDRs may indicate functional importance. This aspect was analyzed for ANAC013 and its close relatives. The disorder pattern of ANAC013 shows similarities with the disorder profiles of ANAC016 and ANAC017 (22) . These three membrane-bound NAC transcription factors, which are functionally related by mediating oxidative stress signaling (20, 25, 26) , belong to the same sub-group of the NAC family (27) . They share the MEME sequence motif E(KE)(ED)(DEM)(YF)(IL)E(MI)(ND)DL, encompassing the RCD1-interacting core of ANAC013 and coinciding with a MoRF in all three proteins. All three proteins also have a dip in the disorder profile in the same region (22) . Based on these characteristics, this region of ANAC016 and ANAC017 is also likely to mediate biochemical interactions with RCD1. However, so far ANAC016 and ANAC017 have not been identified as RCD1 interaction partners in screening experiments (14) . Therefore, we examined whether ANAC016 and ANAC017 would be able to interact with RCD1. In fact, ANAC016 (325-367) and ANAC017(296 -339), corresponding to ANAC013(254 -299), both interacted with RCD1-RST(499 -572) with K d values of 200 and 37 nM, respectively ( Table 2) . This identified ANAC016 and ANAC017 as biochemical inter- action partners of RCD1. It also showed how ID profiling together with motif and other sequence analyses can be used to identify novel interaction partners of hub proteins without an identified SLiM. Thermodynamic Characterization of the RCD1-DREB2A Interaction-The sequence features of relevance for RCD1 binding were analyzed for additional members of the RCD1 interactome. DREB2A is a significant RCD1 interaction partner (14) , and studies in yeast have shown that simultaneous substitution of Phe-259 and Asp-260 and of Glu-263, Leu-264, and Leu-265 of the DREB2A RCD1-interacting motif abolished its ability to interact with RCD1 (18) . The motif shows compositional similarity to the RCD1-interacting regions of ANAC013 and ANAC046 (Figs. 1C and 3A). To determine the binding parameters of the RCD1⅐DREB2A interactions, the DREB2A fragments, DREB2A(150 -335) and DREB2A(250 -287), spanning regions with alternating structure and disorder ( Fig. 4) , were produced and purified. The interaction between DREB2A(150 -335) or DREB2A(250 -287) and RCD1-RST (499 -572) were of high affinity with K d values of 27 and 51 nM, respectively ( Table 3 ). The affinity of the interaction between RCD1-RST(499 -572) and a short peptide of DREB2A, DREB2A(255-272), containing a predicted ␣-helix, was significantly lower, corresponding to a K d of 117 nM, but with a large enthalpic contribution to binding of Ϫ51 kJ/mol (Fig. 2C ). The shorter peptide, DREB2A(260 -269), containing a predicted ␣-helical region (Figs. 1C and 3A), but lacking the phenylalanine, was without detectable binding affinity. Thus, in contrast to ANAC013, the DREB2A context conferred positive allosteric effects on binding.
For comparison, the DREB2A⅐RCD1 interaction was also analyzed at the residue level. Substitution of the central phenylalanine, Phe-259, with alanine in DREB2A(255-272) was sufficient to abolish detectable binding ( Fig. 2D ; Table 3 ). Curiously, alanine substitution of Glu-263 or Leu-264, putatively analogous to the essential Asp-Leu dipeptide in ANAC013 (Fig. 1C ), resulted in only 1.5-and 7.8-fold increase in K d values, respectively. However, introduction of an ␣-helix breaking proline in the middle of the predicted ␣-helix of DREB2A (Fig. 1C ) to generate DREB2A(255-272; E263P) completely abolished binding. This is in contrast to the effects of introducing a proline in the RCD1-binding ANAC046 peptide (16) and in the predicted ␣-helix of the RCD1-binding ANAC013(254 -274) peptide ( Fig. 1C ; Table 1 ), suggesting that the RCD1binding regions depend on ␣-helix structure to different degrees. Assuming ␣-helix formation in the DREB2A⅐RCD1 complex, the effect of changing two residues on the same side of a putative ␣-helix, Val-261 and Leu-265, into alanine was analyzed. However, the double substitutions in DREB2A(255-272; V261A/V265A) only affected binding affinity slightly (Table 3 ). Based on the results presented here and in a previous study (18) , DREB2A also has a bipartite RCD1-binding site with Phe-259 as a central residue of one of the sites and Leu-264 as a central residue of the other site ( Fig. 1C ). For DREB2A, binding is also likely to depend on ␣-helix formation.
TABLE 2 Thermodynamic analysis by ITC of interactions between RCD1-RST(499 -572) and different transcription factors
All experiments were performed as described under "Experimental Procedures." Syringe/cell indicates whether RCD1-RST or the transcription factor is the titrant in syringe or the titrant in cell. The standard errors for ⌬H, K d , and N were obtained from Origin when fitting the data to a one set of sites binding model.
a NB means no detectable binding.
TABLE 3 Thermodynamic analysis by ITC of interactions between DREB2A wild-type and mutant-substituted fragments and RCD1-RST(499 -572)
All experiments were performed as described under "Experimental Procedures." Syringe/cell indicates whether RCD1-RST(499 -572) or DREB2A is the titrant in syringe or the titrant in cell. The standard errors for ⌬H, K d , and N were obtained from Origin when fitting the data to a one set of sites binding model.
Disorder in RCD1-Transcription Factor Interactions
DREB2B and DREB2C also belong to the DREB2 subfamily of the AP2/ERF transcription factor family and interact with RCD1 (14) . Motif residues can be distinguished from their sequence neighborhood on the basis of higher evolutionary conservation and from their propensity to form ordered secondary structures upon partner binding (7) . Confirmatory sequence alignments of the three DREB2 proteins showed how the large C-terminal IDRs have a low degree of sequence similarity with only a few short conserved sequence regions, one of which corresponds to the RCD1-interacting regions of DREB2A (Fig. 3A) . Conclusively, these data so far suggest that the RCD1-interacting motif is bipartite and most likely not limited to a certain structural context conserved in NAC sub-groups.
RCD1-interacting SLiM-Based on the above results, the additional members of the RCD1 interactome were analyzed for the presence of a putative RCD1-binding motif. Transcription factors are over-represented among the RCD1 interaction partners, and 22 of the 30 members of the known RCD1 interaction network are transcription factors (Fig. 3D ). Sequence analysis of these suggested that 19 of the RCD1-interacting transcription factors, including ANAC016 and ANAC017 identified as RCD1 interaction partners in this study, contain a sequence region fitting the loose consensus sequence (DE)X(0,2)(YF)X(1,6)(DE)L that was derived from the analyses described above (Figs. 1C and 3A). Our results showed that four NAC transcription factors and one AP2/ERF transcription factor, representing two different transcription factor families, use this SLiM for interactions with RCD1. The RCD1 interactome was experimentally exploited for further validation of the appearing RCD1-binding SLiM. Peptide bZIP23 , derived from bZIP23, a member of the basic ZIP transcription factor family, interacted with RCD1 with an affinity corresponding to a K d of 128 nM, comparable with that of the DREB2A⅐RCD1 interaction (Table 2 ). This demonstrates that it is possible to predict the RCD1-interacting region of a protein from the RCD1 interactome on the basis of sequence analysis. Putative RCD1-binding motifs were also identified for the B-box transcription factors STO and COL10 (Fig. 3A) , which bound RCD1 both in vivo and in vitro (14) . Here, the K d values for the interactions of RCD1 with the STO and COL10 peptides were determined to 90 and 418 nM, respectively. Interestingly, in both cases the change in binding enthalpy was low, Ϫ3.8 kJ/mol and Ϫ9.2 kJ/mol, respectively, which could be explained by entropy-driven interactions ( Table 2) . Recently, another AP2/ERF-type transcription factor, Rap2.4a, was shown to interact with RCD1 (28) . Rap2.4a also contains a region with similarity to the RCD1 SLiM (Fig. 3B ). Non-binding sequences are also of interest in attempting to understand SLiM-binding determinants. DREB2A has an additional putative SLiM at the very C terminus. However, no binding between this region, contained in DREB2A(316 -335), and RCD1 was detected ( Table 3 ; Fig. 3C ). Likewise, the peptides bHLH019(271-295) and IRL3(69 -100), from the basic helixloop-helix transcription factors bHLH019 and IRL3, which also encompass the loose RCD1 SLiM, were also non-binders. This was also the case for MYB91(239 -267). Likewise, the longer peptides, MYB91(239 -291) and MYB91(100 -291), responsible for interactions with RCD1 in yeast (14, 29) , did not bind in vitro (Table 2 ). This discrepancy may be explained either by MYB91 being a false-positive identified in the yeast two-hybrid screening or by the need for a post-translational modification in the interaction surface. These transcription factors do not contain any other regions with a SLiM, neither in the parallel nor in the antiparallel orientation (Fig. 3C ). In fact, analysis for putative SLiMs in the antiparallel orientation revealed that of the putative binders only WRKY47 contains a reverse SLiM. ANAC013 as a binder also contains a reverse SLiM (Fig. 3B) . To analyze whether the antiparallel motif in ANAC013 is functional, Glu-256 of the Leu-Glu (Glu-Leu in the antiparallel orientation) dipeptide was changed to alanine (Table 1 ). This did not significantly affect binding affinity, suggesting that the region is only functional when bound in a parallel orientation.
The transcription factor regions with the loose (DE) X(0,2)(YF)X(1,6)(DE)L SLiM were divided into RCD1 binders, putative binders, and non-binders ( Fig. 3, A-C) . The flexibility associated with ID was previously proposed to be important for the interaction between RCD1 and the partner proteins (21) . For the binders, the SLiM region is either predicted to be disordered or to map to a larger IDR (Fig. 4 ). This is also the case for the non-binding C-terminal DREB2A peptide, whereas most of the bHLH019(271-295) and MYB91(243-262) peptides were predicted to be structured (Fig. 3C) , and the ILR3(69 -100) peptide maps to the folded DNA-binding domain (Fig. 4) . The RST domain of RCD1 is dominated by positive charges, and the apparent dominance of negative charges in the peptides is therefore not surprising. In fact, none of the verified core binding regions contains basic residues (Fig.  3A) . The calculated pI values of the core consensus sequence and two additional residues on each end range from 3.3 to 3.9 for the binders, whereas calculations suggested that two of the non-binding peptides have a significantly higher pI value. To analyze the effect of a basic residue, ANAC013(254 -274; N264K) was generated. This peptide has an increased pI (from Fig. 3D may not represent an exhaustive picture of the RCD1-transcription factor interactome, the nonredundant protein database was searched for additional transcription factors putatively binding to RCD1 using two different BLAST programs (30) , pattern hit Initiated (PHI)-BLAST, which combines matching of regular expressions with local alignments surrounding the match, and position-specific iterated (PSI)-BLAST, in which a general profile generated from closely related sequences is used as query. For the PHI-BLAST searches, (DE)X(0,2)(YF)(1,6)(DE)L was used as the regular expression, and the transcription factor regions shown in Fig. 3A were used for the local alignments. This resulted in the identification of 44 new transcription factors putatively interacting with RCD1 (Table 4) , when hits with core regions containing the basic residues arginine or lysine and having pI values above 4.5 were excluded from the list. NAC, ERF/AP2, and ZnF transcription factors were over-represented, probably reflecting the transcription factors used for the alignments. PSI-BLAST searches did not result in any additional hits. To analyze for unifying functional features of the RCD1-interacting transcription factors, the Gene Ontology database was searched using AmiGO2 (31) and all the transcription factors of the RCD1 interactome ( Fig. 3D ) and the predicted RCD1-interacting transcription factors (Table 4 ) as queries. The Gene Ontology terms for biological function were broad, including heat acclimation, response to abiotic stimulus, ethylene-activated signaling pathway, hormone-mediated signaling pathway, positive regulation of transcription, response to water deprivation, leaf development, and gene expression. As expected, no single biological function dominates among the verified and predicted RCD1-interacting transcription factors, but several of these transcription factors were involved in abiotic stress responses.
Identification of Putative RCD1-interacting Transcription Factors-Because
Structure of RCD1-binding Peptides-Based on predictions, some of the RCD1-interacting peptides form ␣-helix structures (Fig. 3A) . However, the helicity per residue predicted using Agadir (32) was generally low, except in the case of DREB2A(255-272) ( Fig. 5A ). Experimental analysis for secondary structure content by far-UV CD indicated low ␣-helical contents of 12, 18, 10, and 13% in the ANAC013(254 -274), DREB2A(255-272), COL10(175-208), and bZIP23 peptides, respectively ( Fig. 5, B-E) . Structure formation in IDPs is often studied as a function of solvent conditions, and trifluoroethanol (TFE) was thus used to investigate whether the RCD1 SLiM peptides were prone to structure induction (33) . Addition of TFE to 10% (v/v) resulted in limited increases in ␣-helical content to 13, 24, 11, and 16%, respectively, whereas addition of 40% TFE markedly changed the CD spectra, especially of DREB2A(255-274), to spectra characteristic of an ␣-helix with minima at 222 and 208 nm and estimated ␣-helical contents of 20, 52, 17, and 31% for ANAC013(254 -274), DREB2A(255-272), COL10(175-208), and bZIP23 , respectively ( Fig.  5, B-E) . A similar pattern was previously observed for ANAC046(319 -338) (16) . DREB2A(255-272), ANAC046(319-338), and bZIP23 showed an increase in ␣-helix content of 189, 150, and 138%, respectively, when comparing samples with 40% TFE and without TFE. By contrast, ANAC013(254 -274) and ANAC013(254 -274;D258P), with a very low ␣-helix content (Fig. 5, A and F) , and COL10(175-208) only increased their ␣-helix content with 67, 20, 70%, respectively. This indi- 
PHI-BLAST searches for putative RCD1-interacting transcription factors using (DE)X(0,2)(YF)X(1,6)(DE)L as regular expression
The biological function of GO terms for known and predicted RCD1-interacting transcription factors are as follows: heat acclimation (GO:0010286); response to abiotic stimulus (GO:0009628); ethylene-activated signaling pathway (GO:0009873); hormone-mediated signaling pathway (GO:0009755); positive regulation of transcription (GO:0045893); response to water deprivation (GO:0009414); leaf development (GO:0048366); and gene expression (GO:0010467). The putative binders are listed according to TF families.
cates that TFE does not induce ␣-helical structure equally well in all peptides and that ANAC013(254 -274) and COL10(175-274) are less likely to undergo coupled folding and binding involving ␣-helix formation than DREB2A(255-272).
CD spectroscopy was also used to analyze for structural changes occurring upon interactions between ANAC013(254 -274), DREB2A(255-272), or ANAC046(319 -338) and RCD1-RST(499 -572) ( Fig. 6, A-D) . The far-UV CD spectrum of RCD1-RST(499 -572) had pronounced minima at 222 and 208 nm indicating that the domain is dominated by ␣-helical structure ( Fig. 6A) . A far-UV CD spectrum of each of the peptides mixed in a 1:1 molar ratio with RCD1-RST(499 -572) was compared with a theoretical spectrum derived from adding the individual spectra. The spectrum of RCD1-RST(499 -572) in complex with DREB2A(255-272) showed an absolute minimum shifted toward a higher wavelength compared with the theoretical spectrum. Moreover, the overall ␣-helical content in the complex was calculated to 39% compared with 31% in the theoretical complex. This indicated induction of structure upon complex formation (Fig. 6B ). For ANAC013(254 -274) in complex with RCD1-RST, the wavelength of the absolute minimum changed slightly compared with the theoretical spectra, and the ␣-helical content of 32% in the complex was minimally higher than in the theoretical complex (29%) (Fig. 6C ). The ANAC046(319 -338)⅐RCD1-RST(499 -572) complex had an overall ␣-helical content of 38%, compared with 34% in the theoretical complex. However, in this case a shift toward a lower wavelength in the complex was observed (Fig. 6D) . Together, the results suggested that complex formation involving ANAC046(319 -338) and ANAC013(254 -274) resulted in structure induction, although to a lower degree than that of the DREB2A(255-272)⅐RCD1-RST(499 -572) complex. From the CD data, it was not possible to decipher whether the changes were in both of the binding partners.
To further assess the structural aspects for the transcription factor peptides and to explore, if possible, what kind of structure they adopt in complex with RCD1-RST(499 -572), they were investigated by NMR spectroscopy. Triple resonance NMR spectra of double-isotope 13 C, 15 N-labeled peptides in the absence and presence of stoichiometric amounts of unlabeled RCD1-RST(499 -572) were assigned, and secondary C ␣ chemical shifts for DREB2A(255-272), ANAC013(254 -274), and ANAC046(319 -338), which reports on the secondary structure (34), were calculated.
The 1 H, 15 N HSQC spectrum of free DREB2A(255-272) showed limited dispersion in the proton dimension, indicating a lack of structure (Fig. 7A, black spectrum) (35) . Consistent with this and with its far-UV CD spectrum (Fig. 6A) , most residues have near-random coil secondary C ␣ chemical shifts (⌬␦C ␣ Ϸ0, Fig. 7D, top figure) . Positive ⌬␦C ␣ values (Ϸ0.8) were seen in the region Asp-262-Arg-266, indicating the presence of a transient helical turn structure in free DREB2A(255-272), populated to around 25%. In support of this AGADIR predicts an average helical content of ϳ18% for these residues (Fig. 5A) . The 1 H, 15 N HSQC was dramatically changed upon addition of RCD1-RST(499 -572) with a substantial increase in the 1 H resonance dispersion (Fig. 7A, red spectrum) . Furthermore, the C ␣ resonances for residues Val-261-Asp-267 experienced a significant downfield shift (⌬␦C ␣ Ͼ0), thus confirming the formation of an almost fully formed helical structure in this region (Fig.  7D, bottom figure) (34) . Notably, the HSQC as well as the different triple resonance spectra lacked peaks for Phe-259 and Res. no.
Res. no. Asp-260. This is consistent with the abolished binding of the F259A mutant ( Fig. 2D ; Table 3 ) and suggests that these residues are involved in the interaction.
Similar to DREB2A(255-272), free ANAC013(254 -274) and ANAC046(319 -338) had poorly dispersed HSQC spectra (Fig.  7, B and C, black spectra) , and ⌬␦C ␣ values close to zero (Fig. 7,  E and F, top figures) again confirming a lack of preformed structure. A region with slightly positive ⌬␦C ␣ values was seen in ANAC013(254 -274) for residues Leu-255-Tyr-260 ( Fig. 7E,  top figure) , which, together with low average helical content of Ͻ3% predicted by AGADIR ( Fig. 5A) , did not support the presence of structure. In relation to where the motif is centered (Fig.  3A) , it is clear that the transient helix turn structure, albeit lowly populated in ANAC013(254 -274), is positioned differently from that of DREB2A, suggesting that formation of helical structure in itself might not be important for the interaction, but instead it reflects the physiochemical nature of their sequences. In support of this, no indications of transiently formed structure were apparent from the secondary C ␣ chemical shifts (Fig. 7F, top figure) or AGADIR predictions (Fig. 5A ) for ANAC046. Comparison of the HSQC spectra of free and bound ANAC013(254 -274) and ANAC046(319 -338) confirmed their interaction with RCD1-RST(499 -572) (Fig. 7, B and C), but in contrast to those of DREB2A(255-272), the dispersion in the proton dimension appeared immediately unaffected. For ANAC013(254 -274), we instead observed a set of weak signals with a much larger dispersion (Fig. 7B, indicated  by arrows) which, unfortunately, could not be detected in the triple-resonance spectra and hence could not be assigned. The ANAC046(319 -338) spectrum showed substantial peak broadening, and peak intensities were generally significantly reduced in the bound state of both transcription factors (Fig. 7,  B and C, red spectra) . Consequently, only residues outside the motif could be assigned. However, the observation that the ⌬␦C ␣ values of residues Met-267 and Glu-268 of ANAC013(254 -274) and Tyr-336 and Thr-337 of ANAC046(319 -338) are clearly not helical is in contrast to residues at similar SLiM positions in DREB2A(255-272) and fully in line with the proline substitutions studies done by ITC. Although we cannot establish the exact structural nature of the residues of the motif in the NAC peptides, these data, together with the different dispersion in the proton dimension, suggest that ANAC013(254 -274) and ANAC046(319 -338) may form structures that are less helical in their bound state. This dramatic change in the 15 Ndimension was not observed for any residues of the DREB2A(255-272) peptide.
The reduced peak intensities observed for these transcription factors most likely occur due to exchange between bound and free states and/or between multiple conformations at a rate comparable with the difference in resonance frequency between the different states (36) . Accordingly, regions that experience peak broadening in ANAC013(254 -274) and ANAC046(319 -338) corresponded well with the proposed SLiMs, whereas residues outside of the SLiMs appeared to have limited secondary C ␣ chemical shift perturbations upon interaction (Fig. 7, E and F, bottom figures) . This suggests that interactions take place in the proposed regions accompanied by helical, non-helical, and even fuzzy structure in complex with RCD1-RST(499 -572). Other possibilities are that the three transcription factors, despite having similar motifs, bind to different, possibly overlapping, binding sites, or that RCD1- RST(499 -572) adopts slightly different conformations in the three complexes.
Discussion
Only 2% of the ELM database entries are derived from plant proteins (37) making efforts for motif identification in plants urgent. In this study, we defined the SLiM (DE)X(1,2)(YF)X(1,4)(DE)L for transcription factor binding to RCD1. The functional importance of this SLiM is supported by its conservation in IDRs with low degrees of sequence similarities (22) and by its in vivo role for DREB2A⅐RCD1 interactions (18) . A high risk of false-positives exists for motif identification (38) , and not all of the regions shown in Fig. 3, A and B , may be biochemically and physiologically relevant. Six transcription factors from the RCD1 interactome do not contain the RCD1 SLiM. They may either contain a variant or a different binding sequence (10) .
Several known SLiMs are compositionally similar to the RCD1 SLiM. For example, the region DFDLDMLGD from the herpes simplex virus VP16 and several additional transcrip-tional regulators are implicated in essential interactions, and these regulatory proteins all interact with the general co-activator TAF9 (39) . Interestingly, another general co-activator, Arabidopsis TAF4, contains an RST domain (40) , making the RCD1 SLiM of relevance not only to gene-specific transcription factors but also to the general transcriptional apparatus. The RCD1 SLiM also shows similarity to the acidic class EDLL activation motif found in a sub-group of AP2/ERF transcription factors (41, 42) .
Substitution analyses of the RCD1 SLiM (Tables 1 and 3 ) (16) support the observation that substitution of a single residue can abolish SLiM binding due to the short length of SLiMs (10) . The results are also in accordance with additional typical features of SLiMs in IDRs. Thus, hydrophobic amino acid residues are over-represented in SLiMs (11); polycationinteractions involving an aromatic residue can be significant components of interactions involving IDPs (43) , and electrostatic interactions involving charged residues are key components of interactions involving IDPs (44) . Furthermore, truncation of side chains in a SLiM almost always impairs binding, because SLiM contacts are nearly optimal (24) . In conclusion, the RCD1 SLiM characteristics are typical of SLiMs in IDRs and of transcriptional activation motifs. The affinity of the interactions between the RCD1-RST domain and the transcription factor peptides varied ϳ70-fold (Tables 1-3) (16) . Although the differences in affinity may have biological consequences, our thermodynamic characterization demonstrated that peptide length and context also significantly affect affinity (Tables 1 and 3 ). Curiously, removal of the PEPEPT sequence from ANAC013(254 -274) resulted in a 66-fold decrease in affinity due to a marked decrease in binding enthalpy. Computational studies suggested that the core of a SLiM contributes about 80% of the binding energy (24) . This study revealed a more complex pattern. Whereas the results suggested a negative allosteric effect on binding by the contexts of ANAC013(254 -274), the contexts of DREB2A(255-272) had an opposite positive effect. For ANAC013, truncation reversed the entropic contribution to binding from negative to positive, whereas the opposite was observed for the DREB2A truncation series. This is in accordance with the recent finding that the sequences of IDRs are more than passive scaffolds for motifs and contribute to regulation of functions (45) . It is generally assumed that IDRs pay an entropic cost upon binding because of conformational restriction (46) . However, IDRs may also use entropy for binding (Tables 1-3) through solvent-mediated entropic interactions or by release of charge-charge interactions in the unbound state. It was recently suggested that interactions may increase conformational flexibility to induce favorable entropic changes (47) or lead to less compaction of the surrounding IDR compared with the unbound state (45) . This could explain the thermodynamic profiles of interactions between RCD1 and the COL10 and STO peptides ( Table 2 ). If, and how, these complex affinity and thermodynamics patterns relate to the in vivo concentrations of the transcription factors is currently not known.
Although similarities were observed for binding of the different transcription factor peptides to RCD1, differences were also observed. Thus, the importance of ␣-helix structure for binding differs. Studies of protein binding to the hub proteins Keap1 (48) and calmodulin (49) suggested that a reduction in the conformational freedom of the free state results in an affinity increase. A similar observation was not apparent for the peptides binding to RCD1. Supportive of this, a pre-formed ␣-helix in different disordered peptides had a small effect in enhancing the binding affinity for the target proteins (50) . For the DREB2A peptide, strong ␣-helix formation in the complex was demonstrated by NMR spectroscopic analysis (Fig. 7) . In contrast, the ANAC013 and ANAC046 peptides may form non-helical or even fuzzy interfaces in the complexes (Figs. 5A and 7 , B and C) (11, 51) . To this end, kinetic analysis is needed to determine whether binding involves conformational selection, induced fit, or a continuum of the two (52) .
Based on primary and secondary structure analyses ( Fig. 6A ) (40) , the RST domain of RCD1 is likely to form a fold similar to that of the human TAF4 TAFH domain. This domain adopts an ␣-helical fold with a large hydrophobic groove that forms the binding surface for TAF4-interacting transcription factors. In addition to hydrophobic/aromatic residues, the TAFH groove also contains a lysine residue, which plays an important role in ligand recognition. The TAFH-binding transcription factor regions contain conserved acidic and hydrophobic residues, similar to the RCD1 SLiM (53) . Fig. 8 shows a model of RSTtranscription factor interactions. Our data suggest that the RST domain of RCD1 can accommodate structural diversity in its partners, from fuzziness to folded ␣-helical structure. The observation that the spacing between the core residues of the RCD1-binding SLiM differs most likely reflects the potential to adapt to different structures in the bound state. Fuzziness in the interaction could minimize the entropic loss upon binding, and it is even conceivable that the ligands may interchange between anchoring points within the potential hydrophobic groove of the RST domain. The bipartite architecture of the SLiM may also allow for elasticity thus making variation in structural context possible. Because no current data can determine whether the interactions are carried out through conformer selection or induced fit, Fig. 8 allows for both possibilities, as indicated in the middle of the model by the equilibrium between different conformations of the free ligand. This type of interaction surface is also observed in the complex between the TAZ1 scaffolding domain of the transcriptional co-activator CBP/p300 and RelA of the NF-B family (54) . Part of the RelA activation domain folds upon binding and spirals through the exposed hydrophobic pockets of TAZ1. In this way, it anchors itself at a number of points. However, distinct peptide-binding pockets in the RST domain of RCD1 cannot be excluded at present. To summarize, although a single SLiM describes several RCD1interacting peptides, the peptides vary structurally from fuzzy to ␣-helical in the complexes. The RCD1 SLiM is bipartite, and the transcription factors are likely to use at least two anchoring points for RCD1 interactions (Fig. 8) .
The physiological relevance of most of the RCD1-transcription factor interactions remains elusive. However, in vivo evidence for the RCD1⅐DREB2A interaction exists (18) , and both large scale and specific studies are suggestive of functional RCD1-transcription factor interactions in specific networks. The gray shadings indicate the ensembles that the IDR can populate both before and after binding. The model is based on the structural similarity between the RCD1-RST and TAF4-TAFH domains (40, 54) , and three binding anchor points, shown in orange, are assumed. As suggested in this study, RCD1-RST has the potential to bind both unstructured and ␣-helical peptides, as illustrated, or possibly peptides with different structures (data not shown). Because current data cannot determine whether the interactions are carried out through conformer selection or induced fit, both possibilities are suggested by the equilibrium between conformations of the free ligand. Furthermore, the RST domain may use one or more binding surfaces, as shown by the different anchor points.
RCD1 plays multiple roles in stress responses, including reactive oxygen species responses, and in the senescence process (14, 15, 18) . Accordingly, Gene Ontology analysis of the RCD1interacting transcription factors revealed enrichment for both abiotic stress responses and developmental processes (Table 4) . Recently, the expression profiles of DREB2A, ANAC013, and ANAC046 were shown to be similar in response to various hormone and stress treatments (17) , in accordance with previous focused studies demonstrating a role of these transcription factors in regulation of stress responses and senescence (16, 19, 20, 55) . In this study, two new RCD1 interaction partners, ANAC016 and ANAC017, were identified. During drought stress, ANAC016 functions as a regulator of leaf senescence through cross-talk with salt and oxidative stress-responsive pathways (56) , and ANAC017 mediates H 2 O 2 stress signaling (25) . This means that the transcription factors of the RCD1 interactome are involved in stress-related signaling and senescence similarly to RCD1. Future experiments will show whether the transcription factors compete for RCD1 binding under stress conditions.
Many questions remain to be answered for the RCD1-transcription factor interactome. In addition to relating function to evolutionary conservation of SLiMs, the relevance of their occurrence in proteins needs to be characterized in the appropriate model organisms using a combination of high and low throughput methods to assess their functionality. This work has laid the foundation for such studies and has shown that by combining multiple techniques addressing different protein features, important novel SLiMs in IDRs can be discovered.
Experimental Procedures
Bioinformatics Analyses-The RCD1 interactome was obtained from the BAR Arabidopsis Interaction Viewer using RCD1 as query and information from the IntAct Molecular Interaction Database (57) . ID was predicted using PONDR-FIT (58); secondary structure was predicted using PSIPRED (59; ␣-helix propensity was analyzed using Agadir (32); MoRFs were predicted using MoRFpred (60); and sequence motifs were predicted using MEME (61) . The Gene Ontology database was searched using AmiGO2 (31) , and the non-redundant protein database was searched for additional transcription factors putatively binding RCD1 using two different BLAST programs, PHI-BLAST and PSI-BLAST (30) .
Assays in Yeast-Yeast two-hybrid assays were used to detect interactions between the RCD1 RST domain and different fragments of the transcription factor ANAC013. The fragments were amplified using sequence-specific primers and recombined into the pDEST22 vector (Invitrogen). Fusion of GAL4 DNA-binding domain and the RST domain of RCD1 (residues 498 -573), named DBD-RST, was as described previously (16) . Plasmids were transformed into yeast strain pJ694A.
Production and Purification of Recombinant Proteins and Peptides-Purification of RCD1-RST(499 -572) was performed as described previously (16) . Gene-specific primers encoding a tobacco etch virus cleavage site were used to amplify transcription factor fragments, which were inserted into pGEX-4T-1 (GE Healthcare) to obtain GST-tagged proteins. The constructs were verified by sequencing. The fragments were ampli-fied from cDNAs obtained from the REGINA TF collection (Paz-Ares and the REGIA Consortium 2002). ANAC016, not present in the REGINA collection, was amplified from genomic DNA purified from Arabidopsis Col0 (Columbia ecotype 0) wild-type seedlings. ANAC017 from the REGIA collection contained a single mutation introducing a stop codon. Back mutation using the QuikChange mutagenesis kit (Stratagene) restored ANAC017. ANAC013 and DREB2A variants were obtained using the QuikChange mutagenesis kit. The GSTtagged proteins were expressed in Escherichia coli strain BL21-(DE3) at 37°C, induced by 0.5 mM isopropyl ␤-D-thiogalactopyranoside, harvested after 3 h, resuspended in 20 mM Tris/ HCl, pH 8.0, 100 mM NaCl, and sonicated. After centrifugation for 15 min at 15,000 ϫ g, the supernatant was incubated with glutathione-Sepharose 4B (Sigma) resin. Bound GST-tagged recombinant protein was cleaved from the GST tag using tobacco etch virus protease by incubation overnight in resuspension buffer containing 2 mM DTT and 1.0 g of tobacco etch virus/0.1 mg of protein. This left the peptides with an additional N-terminal glycine residue, which did not affect binding compared with binding of synthetic peptides. N-terminally acetylated and C-terminally amidated peptides were obtained from TAG Copenhagen A/S. Two methods were used to remove the protease after cleavage. Protein fragments that were disordered were boiled for 5 min and centrifuged at 20,000 ϫ g for 10 min. Protein fragments with structure were subjected to TALON resin (Clontech), which removed the protease. To remove salt, the peptides were first freeze-dried before resuspension in 0.1% TFA and purified on a Vydac C18 column (Grace) equilibrated in 20% ethanol, 0.1% TFA and eluted in a linear gradient from 20 to 100% ethanol. Purified peptides were analyzed by MALDI-TOF (Autoflex Bruker) mass spectrometry and SDS-PAGE. For NMR studies, 15 N, 13 C-labeled peptides were produced. Cells were grown in LB media until they reached an A 600 of ϳ0.6 -0.8. Cells were harvested by centrifugation and resuspended in M9 minimal medium with 15 NH 4 Cl and [ 13 C 6 ]glucose as sole sources of nitrogen and carbon, respectively. The cells were grown in the M9 media for 30 min before induction with 0.5 mM isopropyl ␤-D-thiogalactopyranoside, grown at 37°C for 4 h before being harvested, and purified as described above.
ITC-ITC was used to determine the thermodynamic parameters, the dissociation constant (K d ), the stoichiometry (N), and the binding enthalpy change (⌬H) from which the binding Gibbs free energy change (⌬G) and the binding entropy change (⌬S) were calculated. The experiments were performed in a MicroCal ITC 200 microcalorimeter (GE Healthcare). Protein samples were dialyzed against 50 mM Hepes, pH 7.4, and 100 mM NaCl or as indicated, centrifuged at 15,000 ϫ g for 5 min, and degassed for 10 min by stirring under vacuum. Experiments were performed with a concentration of titrant in the sample cell of 3-6 M and titrant concentrations of 45-90 M in the syringe. A total of 19 injections separated by 180 s and with a duration of 4 s each of 2 l of titrant was injected into the sample at 25°C. Data from the ITC experiments were analyzed using an Origin 7 software package (MicroCal TM ) by fitting data to a "one set of sites" binding model. Standard errors for the thermodynamic parameters ⌬H and K d , as well as the stoichiometry N, were obtained from Origin when fitting the data, and all experiments were repeated at least three times. The heat of dilution was subtracted from the raw data by performing a titration of titrant against buffer or by subtracting the dilution enthalpy obtained in the last injection when the partial enthalpy change had reached a constant level. Similar results were obtained at least twice for all experiments.
CD Spectroscopy-Briefly, the peptides were recorded in 10 mM Na 2 HPO 4 /Na 2 PO 4 , pH 7.0, at 15-20 M and increasing amounts of TFE (0 -40%) as indicated in the figure legend. To analyze for induced structure by complex formation, the RST domain and the individual peptides were recorded separately in 10 mM Na 2 HPO 4 /Na 2 PO 4 , pH 7.0, at 6 -8 M, as well as when in a 1:1 molar complex (6 -8 M) , all in the absence of TFE. Far-UV CD spectra of the individual components were summed and compared with that of the relevant complex. Recording details were as in Ref. 16 .
NMR Spectroscopy-All NMR spectra were recorded at 25°C on Bruker AVANCE spectrometers operating at 600 or 750 MHz (for 1 H) and equipped with cryoprobes. NMR spectra of each sample containing 60 -140 M 13 C, 15 N-labeled DREB2A(255-272), ANAC013(254 -274), or ANAC046(319 -338) in 100 mM NaCl, pH 7.0, 0.02% (w/v) NaN 3 , 0.1 mM phenylmethanesulfonyl fluoride, 0.7 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid, 10% D 2 O (v/v) were recorded in the presence or absence of equivalent molar amounts of unlabeled RCD1-RST(499 -572). To prevent cysteine oxidation, the ANAC046(319 -338) samples furthermore contained 20 mM Na 2 HPO 4 /NaH 2 PO 4, pH 7.0, and 10 mM ␤-mercaptoethanol. Backbone resonance assignments of the peptides were done by manual analysis of sets of 1 H-15 N HSQC, HNCACB, HNCA, and CBCA(CO)NH spectra. For the assignment of ambiguous carbon resonances in the 267 PEPE 270 sequence of ANAC013(254 -274), the mean value of each pair of glutamate and proline residues was calculated to account for the almost identical chemical shifts. All spectra were processed using NMRDraw (62) and analyzed using the CcpNMR Analysis software (63) . Secondary 13 C ␣ chemical shift values were calculated by subtraction of sequence-dependent random coil values from the experimental values as ⌬␦ 13 C ␣ ϭ ␦ 13 C ␣ Ϫ ␦ 13 C ␣ RC . The random coil values were calculated by the on-line tool made available by Kjaergaard et al. (64) , designed from peptides and specifically for IDPs.
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